ABSTRACT
INTRODUCTION
A method of detecting one mutant allele in 10 6 -10 9 wild-type alleles would be advantageous for many applications including detecting minimal residual disease (rare remaining cancer cells during remission, especially mutations in the p53gene or other tumor suppressor genes previously identified within the tumors) and measurement of mutation load (the frequency of specific somatic mutations present in normal tissues such as blood or urine). Individuals with a high mutation load may be at increased risk for cancer due to either environmental exposure or endogenous defects in any of the hundreds of genes necessary to maintain the integrity of the genome. For those individuals found to have a high mutation load, clues to etiology can be obtained by defining the mutation pattern.
Multiple methods for detecting mutations present in less than 10% of cells (i.e., rare alleles) have been developed including PCR amplification of specific alleles (PASA), peptide nucleic acid (PNA) clamping blocker PCR, allelespecific competitive blocker PCR, mismatch amplification mutation assay (MAMA) and restriction fragmentlength polymorphism (RFLP)/PCR (16) . These methods (i) amplify the rare allele selectively, (ii) destroy the abundant wild-type allele or (iii)spatially separate the rare allele from the wildtype allele. RFLP/PCR has been reported to have the highest specificity of 10 -8 (17) , but in our hands the specificity has been 10 -3 -10 -4 (8) . Methods that selectively amplify the rare allele include PASA, which routinely has a specificity of less than or equal to 1 part in 40 (21) . (5, 9) . For Taq and Tfl DNA polymerases, the polymerization and 5 ′→3 ′ exonuclease activity have been reported (4, 7, 13) . For T7 Sequenase ® and Thermo Sequenase ™ DNA polymerases (both from Amersham Pharmacia Biotech, Piscataway, NJ, USA), pyrophosphorolysis can lead to the degradation of specific dideoxynucleotide-terminated segments in Sanger sequencing reaction (23, 25) . Herein, we describe pyrophosphorolysis-activated polymerization (PAP), an approach that has the potential to enhance dramatically the specificity of PASA.
MATERIALS AND METHODS

Preparation of Template by PCR
A 640-bp region of the human D 1 dopamine receptor gene was amplified by PCR with two primers (T = 5 ′ -GAC -CTGCAGCAAGGGAGTCAGAAG-3 ′ and U = 5 ′ -TCATAC CGGAAAGGG -CTGGAGATA-3 ′ ) ( Figure 1A ). The TU:UT duplexed product spans nucleotides 33-672 in GenBank ® accession no. X55760 and the GC content is 55.3%. A common A to G polymorphism is located at nucleotide 229, resulting in three genotypes of GG, AA and GA (11 (14) . The amount of the recovered P* was determined by UV absorbance at 260 nm. Since small amounts of unterminated oligonucleotide would result in nonspecificity of pyrophosphorolysis, each dideoxyoligonucleotide was 32 P-labeled at the 5 ′ terminus by T4 polynucleotide kinase and then was electrophoresed through a 7 -M urea/20% polyacrylamide gel. Only P* products were visible even when the gel was overexposed (data not shown). It is The allele-specific nucleotide is G or A, and its distance to the 3 ′ terminus is assigned: 0 = at the 3 ′ terminus; +1 = 1 base downstream from the 3 ′ terminus; -1 = 1 base upstream from the 3 ′ terminus; -2 = 2 bases upstream from the 3 ′ terminus and -3 = 3 bases upstream from the 3 ′ terminus. e The T m for oligonucleotides was estimated to be 4°C ×(G + C) + 2°C ×(T + A) at 1 M NaCl (15) . f Amplification with U and one P* or with only one P*. estimated that more than 99.99% of P* contained a dideoxynucleotide at the 3 ′ terminus. The purity of P* was supported by the absence of PCR product or PAP product at pH 8.1 (Table 2) .
PAP
A 469-bp region within the TU:UT duplexed template was amplified by PAP with oligonucleotides P* and U or with only P* ( Table 1 and Figure 1A ). The PU:UP duplexed product corresponds to nucleotides 204-672 in GenBank accession no. X55760, and the GC content is 55.6%. Unless stated, the PAP reaction mixture contained a total volume of 25 µ L for Tfl DNA polymerase: 75 mM KCl, 20 mM Tris-HCl (pH 7.4), 1.5 mM MgCl 2 , 40 µ M each of the four dNTPs (dATP, dTTP, dGTP and dCTP), 0.2 µ M P*, 0.05 µ M U oligonucleotide, 300 µ M Na 4 PP i (the 20 mM stock solution was adjusted by HCl to pH 8.0), 1 µ Ci [ α -32 P]dCTP (3000 Ci/mmol; Amersham Pharmacia Biotech), 1 U TflDNA polymerase (Promega, Madison, WI, USA) and 2 ng TU:UT. For Taq DNA polymerase, the reaction mixture was the same except for 50 mM KCl, 10 mM Tris-HCl (pH 7.4), 2.0 mM MgCl 2 and 1 U Taq DNA polymerase. The mixtures of PCR and other controls were the same except for the primers added. Cycling conditions included: 94°C for 15 s, 55°C for 1 min, ramping to 72°C for 1 min and 72°C for 2 min, for a total of 15 cycles.
The reaction was electrophoresed through a standard 2% agarose gel. The gel was stained with ethidium bromide for UV photography by a charge-coupled device (CCD) camera (Gel Doc 1000; Bio-Rad Laboratories, Hercules, CA, USA), dried and subjected to X-OMAT ™AR film (Eastman Kodak, Rochester, NY, USA) for autoradiography.
Restriction Digestion
Each of three restriction endonucleases of
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RESULTS
Principle of PAP
Tfl and TaqDNA polymerases were shown to contain pyrophosphorolysis activity (data not shown). TflDNA polymerase was utilized to detect the G allele at nucleotide 229 of the D 1 dopamine receptor gene (11) ( Figure  1A ). P* was synthesized with either ddG or ddA at the 3 ′ terminus (see Table 1 ). The 3 ′ terminal dideoxynucleotide inhibits direct extension by polymerization but can be removed by pyrophosphorolysis in the presence of PP i when the P* is specifically hybridized with the complementary strand of the G allele. The degraded oligonucleotide can be extended by polymerization in the 5 ′→3 ′ direction (Figure 1, B and C) .
The enhanced specificity of PAP relative to PASA is provided by serially coupling pyrophosphorolysis and polymerization. Significant nonspecific amplification requires mismatch pyrophosphorolysis and misincorporation by DNA polymerase, which is an extremely rare event (Figure 2 The specific amplification of PAP from the G allele occurs at high efficiency. Two types of nonspecific amplifications originate from the A allele: (i) nonspecific amplification can occur at low efficiency by mismatch pyrophosphorolysis resulting in a A:T homoduplex PU:UP product, which is not an efficient template for subsequent amplification; and (ii) nonspecific amplification can occur at extremely low efficiency by both mismatch pyrophosphorolysis and misincorporation to produce a G:T heteroduplex PU:UP product, but once it occurs, it provides an efficient template for subsequent amplification. A similar tendency of nonspecific amplifications is suggested for linear amplification by PAP with only D 5 G*. It should be noted that the allele-specific nucleotide of P*, such as D 3 G*, may be near but not at the 3 ′ terminus. In that case, nonspecific amplification of PAP requires mismatch pyrophosphorolysis and mismatch extension. While both variations of PAP should have higher specificity than PASA, the highest specificity is predicted when the 3 ′ terminal dideoxynucleotide is also the allele-specific nucleotide.
GG and AA alleles. Multiple P* were tested ( Table 1 ). The allele-specific nucleotide and dideoxynucleotide co-localized to the 3 ′ terminus (D 5 G*) and the allele-specific nucleotide two bases from the 3 ′ terminus (D 3 G*) specifically amplified the G allele in the presence of PP i ( Figure 3A) . Without added PP i , no specific product was observed with D 5 G*, indicating that added PP i was an essential component for PAP ( Figure  3B, lanes 6 and 15) . 
Effects of pH, Concentration of PP i and Concentration of dNTP and Enzyme
Each of above parameters was examined. PAP was most efficient at pH between 7.4 and 7.7, at PP i concentration between 200 and 400 µ M and at dNTPs concentrations between 25 and 50 µ M (Table 2) . TaqDNA polymerase can substitute for Tfl with similar efficiencies ( Table 2) .
Identity of Specific Products
To confirm the identity of the specific products, restriction endonuclease digestion was performed (Figure 4) . Each of the three restriction endonucleases of Aci I, Eae I and Eco 0109I has a restriction site within the PU:UP duplex. The expected restriction fragments were found. Similar results were observed with D 3 G* and U (data not shown).
The specific products of PAP with D 5 G* and U revealed two specific bands on the agarose gel (i.e., PU:UP and UP), because U was more efficient than D 5 G* under our amplification conditions. To confirm this, the GG alleles were amplified by PAP using Tfl DNA polymerase with D 5 G* and U as was done previously. The products were denatured and electrophoresed through a denaturing polyacrylamide gel. Only one specific band in singlestranded form was observed, indicating that the specific PAP products contain the duplexed and single-stranded segments. The same result was observed with D 3 G* and U (data not shown).
Linear PAP
PAP was performed for linear amplification with only one P* from the GG and AA alleles in the presence of PP i . The specific products of PAP were obtained with D 3 G* and with D 5 G*, but not with the other P* ( Figure 5 , lanes 4 and 6). The efficiency of P* was affected by the oligonucleotide size, the 3 ′ terminal dideoxynucleotide and the position of the allele-specific nucleotide.
DISCUSSION
Enhanced Specificity of PAP with D 5 G*
PAP relies on the serial coupling of the two reactions, each with high specificity. A mutation-specific P* is activated by pyrophosphorolysis on the mutated template; the extended fidelity product contains the mutation. In the presence of wild-type template, pyrophosphorolysis occurs inefficiently because the 3 ′ terminus of P* does not match; the extended fidelity product will contain the wild type sequence. For the extended product to contain the specific mutation, a specific incorporation error is also required.
Evidence is presented that pyrophosphorolysis followed by polymerization may be used to increase the specificity of PASA. Significant nonspecific amplification requires the serial coupling of the two types of errors (Figure 2) . The mismatch pyrophosphorolysis rate to remove a mismatch deoxynucleotide at the 3 ′ terminus, expressed as the removal rate of an incorrect versus a correct dNMP, was reportResearch Report 
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ed at less than 10 -5 for T7 DNA polymerase (9, 26) . The misincorporation rate to create a substitution mutation by polymerization, expressed as the incorporation rate of an incorrect versus a correct dNMP, was reported as to be 10 -5 for T7 DNA polymerase and 10 -4 for E. coli DNA polymerase I (3,9,26). Similar results were reported for Taq DNA polymerase and for 3 ′→5 ′ exonuclease-deficient mutants of T7 DNA polymerase and E. coliDNA polymerase I (3,6,9,26). The specificity due to the nonspecific amplification, in one instance, in PAP with D 5 G* is estimated to be 10 -5 per cycle if the mismatch pyrophosphorolysis rate of a ddNMP is the same as dNMP. The specificity due to the nonspecific amplification, in another instance, is estimated to be 3.3 × 10 -11 if the mismatch pyrophosphorolysis and the misincorporation are serially coupled by T7 DNA polymerase. The product of the first example of nonspecific amplification can be differentiated from that of the second example of nonspecific amplification or that of the specific amplification, such as by a single-strand conformation polymorphism (SSCP) nondenaturing gel electrophoresis because their sequences are different in a single base.
Essential Components of PAP
Each P* was tested by utilizing Tfl or TaqDNA polymerases to amplify the GG and AA alleles. The specific amplification requires the presence of PP i and allele-specific template. In addition, the amplification efficiency is affected by the oligonucleotide size, the 3 ′ terminal dideoxynucleotide and the position of the allele-specific nucleotide relative to the 3 ′ terminus of P*.
It is not clear why D 1 G* and D 2 G* did not generate the specific signals, but it may be related to a threshold stability of duplex between P* and the template. D 6 A*, which contains an A dideoxynucleotide at the 3 ′ terminus, did not generate the specific signal. It is possible that the efficiency of PAP will vary in response to the terminal ddNMP. In fact, ddNTPs are known to have different incorporation efficiencies by polymerization. Klenow fragment of E. coli DNA polymerase I, Taq DNA polymerase and ∆ Taq DNA polymerase incorporate ddGTP more efficiently than other ddNTPs (20, 24, 25) . The rate of ddNTP incorporation also varies depending on the template sequence and can be tenfold higher at some bases relative to others (20) . Another possibility is that D 6 A* is shorter in size with a lower melting temperature (T m ).
In PAP without added PP i , very faint false signals were generated with D 3 G* and with D 4 G* ( Figure 3B ). One possibility is that oligonucleotide dimers can The PAP efficiency is indicated as: -, no specific product(s); ±, very weak specific product(s); +, weak specific product(s); ++, moderate specific product (s); +++, strong specific product(s); ++++, very strong specific product(s). b Tfl DNA polymerase was used to amplify the GG alleles under the conditions in Materials and Methods, except for the factors indicated. c The indicated concentration was changed, but the others were kept at 200 µ M. 
Comparison with Other Technologies
A number of methods for enzymatic nucleic acid amplification in vitro have been developed and can be adapted to detect known sequence variants. These include PCR (18, 19) , ligase chain reaction (LCR) (2,10) and rolling circle amplification (RCA) (1, 12) . PAP is different in many ways: (i) pyrophosphorolysis and polymerization are serially coupled for each amplification; (ii) there is at least one dideoxyoligonucleotide for PAP. Other chemically modified nucleotides lacking the 3 ′ hydroxyl group at the 3 ′ terminus can serve the same function; (iii) one format is for linear amplification and the other is for exponential amplification; (iv) PP i is necessary for the amplification; (v) significant nonspecific amplification requires both mismatch pyrophosphorolysis and misincorporation; and (vi) PAP can detect known point mutations and may greatly increase the specificity to detect an extremely rare mutant allele from the wild-type allele.
The mechanistic basis is that two or more reactions are serially coupled for amplification with increased specificity. The key component of PAP is P*. The blocked 3 ′ terminus in these experiments is a dideoxynucleotide, but any nonextendable nucleotide susceptible to pyrophosphorolysis could, in principle, be substituted. Indeed, any enzyme that cleaves an oligonucleotide 5 ′ to a mismatch could serve the same function as pyrophosphorolysis activation. For example, a blocked oligonucleotide including the methylated recognition sequence (such as G m ATC) is annealed to its target with the unmethylated recognition sequence, then restriction endonuclease (such as Dpn I) can only cleave the methylated site and so activate the oligonucleotide for extension.
If a mismatch is located 5 ′ to the cleavage site, significant nonspecific amplification requires the serial coupling of mismatch cleavage and a misincorporation, which is a rare event. Activatable oligonucleotides may also be combined Research Report Figure 3 were digested with Aci I, Eae I and Eco 0109I restriction endonucleases. Each enzyme has a restriction site within PU:UP. PAP amplified the GG alleles with D 5 G* and U. Five percent of PCR product with D 1 and U were taken as control. Aci I produces a 236-and a 233-bp fragment from PU:UP and a 407-and a 233-bp fragment from TU:UT. Eae I produces a 289-and a 180-bp fragment from PU:UP and a 460-and a 180-bp fragment from TU:UT. Eco 0109I produces a 348-and a 121-bp fragment from PU:UP and a 107-, a 412-and a 121-bp fragment from TU:UT. The arrows indicate the digestion products expected from PU:UP.
